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SUMMARY

A study was made on a six-degree-of-freedom fixed-base simulator

of the ability of human pilots to modify ballistic trajectories of a

space vehicle approaching the moon to establish a circular orbit about

50 miles above the lunar surface. The unmodified ballistic trajectories

had miss distances from the lunar surface of from 40 to 80 miles, and a

velocity range of from 8,200 to 8,700 feet per second at closest approach.

The pilot was given control of the thrust (along the vehicle longitudinal

axis) and torques about all three body axes. The information display

given to the pilot was a hodograph of the vehicle rate of descent and

circumferential velocity, an altimeter, and vehicle attitude and rate

meters.

The general procedure used in the investigation was to permit the

pilots to become familiar with the instrumentation, controls, and indi-

cated vehicle dynamics by flying a simple "nominal trajectory." For

this trajectory the exact operating mode was specified. The pilots then

tried flying trajectories which were different from the "nominal" and

for which no operating procedure was specified.

The results of the investigation showed that the pilots soon became

adept at flying the simulator and could consistently establish orbits

lying within an altitude range from i0 to 90 miles. The indicated fuel

consumption generally was about i to 3 percent of the initial vehicle

mass more than that required by use of a two-impulse Hohmann maneuver.

The use of the hodograph as a primary display was very effective and

could be used to provide much useful information.

INTRODUCTION

Various time tables of space exploration have been proposed as a

result of increasing national interest in the conquest of space. Among

the many missions in these time tables is exploration of the moon, which,

according to most proposed programs, is expected to occur in the fore-

seeable future. Some of the more interesting problems of the various
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proposed lunar missions are those associated with control of a lunar
vehicle in the terminal phase. Suchproblems include guiding the vehicle
to a soft landing on the surface, the establishment of a close circular
orbit, and a close-approach circumlunar flight. Most of the literature
available on studies of these problems consider unmannedautomatic-
control vehicles or are limited to qualitative analyses or point-mass
vehicles. (See refs. i to 4. )

Fully automatic control systems require instrumentation to (a)
measure the vehicle velocity and position, (b) compare(a) with nominal
values, (c) determine if corrective control is required and desirable,
and (d) apply corrective control if this action is desired. Acceptable
mechanization with respect to accuracy and reliability to perform all
these tasks can be expensive in terms of weight and time for component
development as well as actual dollar cost. Since man is expected to
participate in lunar missions, at least as an observer, it is important
to determine if a human, with his inherent ability to compare, reach
decisions, and to act, could satisfactorily perform someof the duties
Just listed for a basic task involved in lunar missions. The basic
task selected for this study was the establishment of a close circular
lunar orbit; this task was performed on a fixed-base analog simulator.
It is assumedthat the vehicle has been injected toward the moonand
that the ballistic traJectory will result in a near miss with the lunar
surface. At the point of closest approach the vehicle velocity would
be excessive for capture by the moon. The pilot's task, therefore, is
to apply retrothrust in such a manneras to makethe point of closest
approach occur at an altitude of about 50 miles and simultaneously to
reduce the velocity to the value consistent with circular orbital
velocity at that altitude.

SYMBOLS

E

ge

gm

h

Is

IX, Iy, IZ

total energy per unit mass (neglecting rotational energy about

body axes), ft2/sec 2

gravity at earth's surface, 52.2 ft/sec 2

gravity at lunar surface, 5.32 ft/sec 2

altitude above lunar surface, ft

specific impulse of rocket, 300 sec

moments of inertia about body X-, Y-, and Z-axes, respectively,

(note Iy = IZ), slug-ft 2
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MX,My,MZ control moments exerted about body X-, Y-, and Z-axes,

respectively, ft-lb

m vehicle mass, slugs

mo initial vehicle mass approaching moon, slugs

time rate of fuel consumption (negative when fuel is being

consumed), slugs/sec

L angular momentum per unit vehicle mass, ft2/sec

vertical displacement of rocket thrust vector, positive in

positive Z-direction, ft

p,qjr rates of rotation about body X-, Y-, and Z-axes, respectively,

radians/sec

R radial distance from moon's center, ft

Rm radius of moon, 5.702 X 106 ft

vehicle velocity component in the radial direction, ft/sec

Re vehicle velocity component in circumferential direction,

ft/sec

T rocket thrust along body X-axls, positive in the -X direc-

tion, lb

t time, sec

u,v,w vehicle velocities along body X-, Y-, and Z-axes, respectively,

ft/sec

V = _u2 + v2 + w2

X,Y,Z right-hand body-axis-system coordinates with origin located

at vehicle instantaneous center of gravity

Xg, Yg, Zg direction cosines between local vertical and body X-, Y-,
and Z-axes, respectively

xi,Yi,Z i right-hand inertial-axis-system coordinates with origin
located at center of moon

x,y,z distances along xi, Yi' and zi axes, respectively, ft
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reference axes parallel to inertial axes

angular orientation of vehicle in pitch defined as the angle

between the projection of the local vertical in body

XZ-plane, and the body Z-axis, radians or deg

rocket throttle control displacement, ft

hand-controller angular displacements about X-, Y-, and

Z-axes, respectively, deg

angular orientation of vehicle, defined as the angle between

body XZ-plane and local vertical and referred to as bank

angle, radians or deg

Euler angles of rotation (order of rotation @,8,_), radians

or deg

V

angular orientation of vehicle defined as
Vu2+ v2 + w 2

and referred to as azimuth angle, radians or deg

Subscripts:

apocynthion conditions

P pericynthion conditions

A dot over a symbol indicates a derivative with respect to time.
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EQUATIONS OF MOTION

The basic equations of motion and the auxiliary equations used in

this investigation are given in appendix A. These equations were solved

on an electronic analog computer operating in real time. There were

six basic equations permitting three translatory and three rotational

degrees of freedom of the vehicle about its three body axes. The pilot

closed the control loop and had direct input into the longitudinal force

equation and the three moment equations. A schematic diagram of the

equations of motion is presented in figure 1.

The inertial reference frame for these equations was a fixed axis

system with its origin located at the center of the moon (fig. 2). The

moon was assumed to be a nonrotating homogeneous sphere having a radius

of 5.702 X 106 feet and a surface gravity of 5.32 feet per second per

second.



Vehicle mass and momentsof inertia were varied as thrust was
applied to account for massreduction during thrusting. Mass changes
due to the use of the momentreaction control Jets were not accounted
for in the equations of motion since they were negligibly small in com-
parison with the mass change associated with thrust application.

VEHICLEDESCRIPTION
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The vehicle assumed in this study was a body of revolution having

the guidance section at the nose, followed by the crew compartment, fuel

tankage, and finally the primary thrust nozzle (fig. 3). The thrust was

assumed to act along the longitudinal axis of the vehicle and to be

variable from zero to its maximum value. As will be pointed out in a

subsequent section this variable feature generally was not used; thrust

was either applied at maximum level or was completely off. The maximum

thrust level chosen for this study resulted in a longitudinal accelera-

tion at initial thrust application of about 0.26 earth g unit or

1.57 lunar g units. Upon orbit attainment, corresponding values of

about 0.36 earth g unit and 2.16 lunar g units were obtained as a result

of the reduction in vehicle mass. These relatively low values of thrust

were selected to simplify the pilot's task and also because the results

of reference 5 indicated that there was very little to be gained in

terms of fuel efficiency by the use of higher thrust for this maneuver.

Control moments were generated about all three body axes by simu-

lated pairs of reaction jets which applied pure torques. A description

of the moment controller is given in the next section, and pertinent

vehicle characteristics are given in figure 3.

COCKPIT AND CONTROLS

The general layout of the cockpit may be seen in the photograph

presented as figure 4, which shows the relative position of the pilot's

chair with respect to the instrument display and controls.

Vehicle thrust was commanded through the use of a simple displace-

ment throttle control located to the left of the pilot. Thrust varied

linearly with control displacement.

Moment control about the three body axes was commanded by the pilot

through the use of a three-axis hand controller similar to the one that

will be used in Project Mercury. This controller was designed to be

operated by angular motions of the pilot's right hand about axes passing
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through the wrist for pitch, parallel to and slightly below the forearm

for roll, and through the longitudinal axis of the grip for yaw (fig. 5(a)).

It has maximum angular displacements about each of the three axes of

approximately ±i_ O. During most of the investigation the three-axls

controller was used; however, for some flights an optional arrangement

consisting of the hand controller for pitch and roll control and a con-

ventional set of rudder pedals for yaw control was used. The control

torque commanded by the pilot was proportional to control deflection

except for a small dead band that was used for control centering

(fig. 5(b)).

INSTRUMENT DISPLAY

Display and controller motions were consistent with the pilot

facing in the direction of the rocket nozzle which is also the direction

of flight (fig. 2(b)). The information displayed to the pilot included

vehicle pitch attitude with respect to the local horizon (_), the vehi-

cle bank attitude (_), yaw or azimuth attitude with respect to the plane

of the instantaneous velocity vector (?), angular rates about each of

the three body axes, (p, q, and r), altitude (R - Rm) , radial velocity

(R), and the vehicle circumferential velocity component (R_).

A photograph of the instrument panel is presented as figure 6. The

altimeter and the rate-of-descent meters were three-hand dial instru-

ments. Angular rates about each of the three body axes were presented

on a single instrument that contained three needle indicators, each of

which moved in translation. Pitch rate was provided by the needle that

translates up and down. Yaw and roll rates were given by needles trans-

lating from left to right.

Located to the pilot's left, above the throttle, was a single-

channel conventional two-variable plotter (fig. 4) that presented a

continuous trace of the vehicle circumferential, velocity component Re

plotted against the radial velocity component R. This chart was used

as the primary source for information regarding piloting technique.

Information other than the vehicle velocity components could be pre-

sented on the chart. This information and some of its potential uses

are discussed in appendix B.

Although the radial velocity component R was presented in two

places - on a dial and also on the plotter - the dial instrument was

used when making fine adjustments because of the accuracy with which it

could be read.
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Two primary factors were considered in selecting a basic approach

trajectory. First, the trajectory should be one which could be obtained

either by direct earth launch with little or no corrections after injec-

tion or by departure from an earth orbit. Second, a relatively simple

guidance and control scheme should be sufficient to place the vehicle

in the desired lunar orbit. On the basis of these two factors, one

"nominal" trajectory was determined. This would then be the trajectory

which the vehicle would follow if injected perfectly. Since perfect

injection is unattainable in practice, there would exist certain errors

from the nominal trajectory. The vehicle would then follow some off-

nominal trajectory. In this study one nominal and several off-nominal

trajectories were selected. These are described in more detail as

follows.

Fk_

Nominal Trajectory

The nominal trajectory selected was one which would have a miss

distance of 294,000 feet above the lunar surface and a velocity of

8,466 feet per second at this point. This trajectory is one of the

three-dimensional trajectories used in the error analysis of reference 6

for injection conditions of 300 miles altitude and a velocity of

35,151 feet per second; this trajectory also fits the first requirement

stated previously. The trajectory could be modified to result in a

circular lunar orbit by applying a constant thrust in the plane of the

velocity vector and normal to the local vertical (_ = 0°); hence, the

second requirement would be met. The required thrust level resulted

in an initial deceleration of 0.26 earth g unit and had to be applied

when the altitude above the lunar surface was 383,700 feet and terminated

at an altitude of 264,000 feet. A sketch of the trajectory relative to

the moon is presented in figure 7.

0ff-Nominal Trajectories

The off-nominal trajectories had certain characteristics different

from the nominal trajectory, such as might be expected from small errors

in injection conditions or residual errors after midcourse corrections.

The off-nominal trajectories were specified by imposing velocity incre-

ments of ±200 feet per second on the radial and circumferential velocity

components and by increments of ±i00,000 feet in altitude from the values

of the nominal trajectory at the time of problem initiation. Since the

terminal phase was the region of interest in this investigation, the

problem was initiated in the vicinity of 1,000,000 feet altitude. The
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following table shows the initial conditions and combination of miss

distance and velocity for the various trajectories:

Initial conditions

Radial

velocity,
ft/sec

-2,867

-2,867

-2,867

-3,067
-3,067

-3,067

-2,667

Circumferential

velocity, Re,
ft/sec

7,575

7,775

7,375

7,575
7,775

7,375

7, 575
7,775

7,375

7,575

7,575

Alt itude,

h, ft

i,000,000

i,000, 000

i,000, 000

i,000, 000
i,000,000

i,000, 000

i,000, 000
i,000, 000

i,O00, 000

Pericynthion

Altitude,

h, ft

294,800

342,600

238,600
213, 700
267,800

153, i00

574,100
419,600

900,000

i,iOO, OOO

322,800

198,9oo
390,500

Circumferential
L

velocity, Re,
ft/sec

8,466

8,617

8,320
8,582
8,729

8,442

8,203

Remarks

Nominal trajectory

High in initial R_

Low in initial R8

High in initial -_

High in initial -_

and R8

High in initial -_;
L

low in R8
Low in initial -R

Low in initial -R;

high in Re
Low in initial -R;

low in R_

Low in altitude

High in altitude

This range of initial conditions results in a corridor (at pericynthion)

of about 50 miles for the ballistic trajectory of the vehicle.
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PILOT'S TASK AND PROCEDURE

As indicated previously, the pilot's task was that of establishing

a circular orbit at an altitude of 50 miles (264,000 feet) above the

lunar surface. This amounts to modifying the terminal phase of the

ballistic trajectory so as to reduce the vehicle velocity components
L

to R = 0 and R8 = 5,385 ft/sec at an altitude of 264,000 feet. The

procedure to accomplish this task involved the following steps:

(a) Obtain a zero bank-angle attitude.

(b) Aline the vehicle thrust axis (body axis) in the plane of the

trajectory.

(c) Pitch the vehicle to the desired attitude.
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(d) Apply thrust.

(e) Maintain proper vehicle attitude and thrust to approach the

desired orbit conditions.

(f) Terminate thrust when the desired orbit conditions are attained.

A reasonable approach in accomplishing these tasks would be to

determine first the local vertical and aline the vehicle vertical (Z)

axis with the local vertical (possibly by use of horizon scanners);

this accomplishes step (a). The next step would be to view the lunar

surface through a telescope with objective lens parallel to the vehicle

Z-axis and with the objective lens gridded with lines parallel to the

vehicle X-axis. Observation of motion of the lunar surface at an angle

relative to the grid lines would indicate that the vehicle was yawed

with respect to the plane of the traJectory_ hence, the vehicle could

be yawed to the proper direction. Thus, step (b) could be accomplished.

Step (c) could be accomplished by then measuring the displacement of the

vehicle Z-axis relative to the local vertical. The pitch attitude

required during thrust is a function of the altitude and velocity com-

ponents and is part of the guidance scheme. The technique used by the

pilot in monitoring the pitch angle _ depends on the trajectory and

on his judgment. As stated in the section entitled "Lunar Approach

Ballistic Trajectories," the nominal trajectory could be handled by

maintaining _ at zero degrees from thrust application (at 383,700 feet

altitude) until the desired altitude was reached. The procedure in

flying off-nominal trajectories involved proper monitoring of _ and

was left to the discretion of the pilot.

The method of determining vehicle orientation as Just outlined is

one which might be applicable in flight or on a simulator with visual

projection of the lunar surface and could of course be replaced by other

more sophisticated schemes. In the present investigation the attitude

angles were computed and presented on various meters. It should be

noted that if thrust were applied with the thrust vector not in the

trajectory plane_ the vehicle would move into a new trajectory plane,

and the display instruments would indicate vehicle attitude angles

relative to the new plane. No instrument display was provided to enable

the pilot to acquire the original approach trajectory plane since this

was not felt to be an important phase of the present study. Such a

display could, of course, have been provided.

PRELIMINARY COMPUTATIONS

Nominal Trajectory

The primary guidance for the pilot was supplied as a hodograph of

the velocity components R and R§ for a precise nominal trajectory.
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This traJectory was computedon an electronic data processing machine
and was traced on the two-variable plotter (fig. 4) prior to piloted
flights. The altitude for a numberof points on this trace also was
indicated. Figure 8 shows the hodograph of the nominal trajectory. The
fuel consumption computedfor this maneuverwas 27.7 percent of the ini-
tial vehicle mass and was obtained for the assumedinitial acceleration
value of 0.26 earth g unit and speclflc impulse of 500 seconds. As a

matter of interest, a two-impulse maneuver utilizing a Hohmann transfer

ellipse would require fuel consumption of 27.6 percent of the initial

mass. The difference of about O. l percent of the vehicle mass is a

measure of the penalty of utilizing the finite thrust level chosen for

the nominal trajectory.

Target Area in the Hodograph Plane

The precise accomplishment of the piloting task required the simul-
L

taneous achievement of the specific values R = O, Re = 9,389, and

h = 262,000 feet. The results of a few piloted flights on the simulator

showed that such a degree of proficiency would be very difficult to

attain and that some error in each of these parameters would be inevi-

table. Because of this, it was decided that the pilot should try to

terminate thrust for any combination of conditions which would establish

an orbit having a maximum apocynthion of 90 miles above the lunar sur-

face, and a minimum pericynthion of lO miles above the lunar surface.

Preliminary flights on the simulator showed that thrust generally was

terminated in the altitude range from 2_OjOO0 feet to 288,000 feet. A

hodograph target area therefore was specified by computing the range of

velocities which would be acceptable at each of these altitudes to yield

the permissible apocynthion and pericynthion boundaries. The target in

the hodograph plane under the conditions given can be found from the

following considerations. After thrust termination the vehicle is again

in a free ballistic trajectory with constant energy and angular momentum;

hence,

-- + (R_) -gm = E = Constant
2

(l)

and

From equation (i),

R2_ = L = Constant (2)

(3)
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From equation (2),

(4)

Substituting equation (4) into equation (3) gives

(5)

For given values of R and Ra, equation (5) specifies an ellipse since

R is less than Ra. A similar relationship holds for Rp, but the

equation then specifies a hyperbola since R is greater than Rp. For

each value of R, there is obtained an area enclosed by an ellipse on

one side and a hyperbola on the other. For the two values selected,

5,942,000 and 5,990,000 feet corresponding to altitudes of 240,000 feet

and 288,000 feet, respectively, two closed curves are obtained (fig. 9).

The region (area) common to both sets of closed curves then specifies

the combinations of _ and Re which must be attained within the alti-

tude range from 240,000 to 288,000 feet at thrust termination in order

that the vehicle orbit have a minimum pericynthion of lO miles and a

maximum apocynthion of 90 miles.

RESULTS AND DISCUSSION

All results presented in this paper were obtained with the authors

as the "pilots." However, a number of other subjects, including two men

with considerable military flying experience and some simulator work,

flew the simulator, and their opinion tempered the following discussion.

The results of the present investigation can be divided conveniently

into two groups, one dealing with the nominal trajectory and the other,

with the off-nomlnal trajectories. This division is a logical one since

the piloting technique was specified exactly for the nominal trajec-

tories but not for the off-nominal trajectories.

Nominal Trajectory

This trajectory was used primarily for familiarizing the pilots

with the instrument display, controls, and indicated dynamics of the

vehicle. The problem was initiated at an altitude of about 1 x l06 feet

with the vehicle alined with the velocity vector. This condition

resulted in a value of _ of -20 °. The pilot was not required to have
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the vehicle properly oriented for thrust application until it reached
an altitude of 383,700 feet; therefore, he had several minutes available
to reduce m to zero before applying thrust. Since the equations of
motion are for a spherical moon, m will move toward zero as the vehicle
proceeds along the ballistic flight path. Consequently, the pilot, by
taking advantage of this fact, could reduce the amount of control fuel
needed. Similarly, the apparent pitch rotation of the vehicle indicated
by the m meter requires the pilot to introduce a small pitch rate in
order to maintain _ at zero for the controlled portion of the trajectory.

The calculated nominal ballistic and controlled trajectories were
traced on the hodograph for pilot guidance prior to each flight. With
a little practice to establish a feel for the geometry of the problem
and the dynamics of the vehicle, the pilots had no difficulty in flying
the nominal trajectory. The results of a typical flight are shownin
figure i0 and indicate the establishment of an orbit reasonably close
to the desired orbit. The difference between the calculated and the
computedballistic trajectories (before any thrust was applied) is caused
by computer drift. The initial conditions for the analog were biased a
small amount to minimize this difference over the no-thrust portion of
the trajectory.

Flights starting at an altitude of 1 x lO6 feet required about ll
to 12 minutes real time to complete. Approximately one-half of this
time was spent in the ballistic trajectory approaching thrust initia-
tion altitude, and the remaining half, in the controlled trajectory por-
tion. For the flight shownin figure lO the amount of fuel expended
during the controlled portion of the trajectory represented 29.2 percent
of the initial vehicle mass. Digital calculations indicated that
27.7 percent should be required to perform the maneuver. A numberof
piloted flights of this nominal trajectory were made (about ten flights)
and, in general, the indicated amountof fuel expendedwas of the order

of 1 to l_ percent of the initial vehicle mass greater than the results
from digital computations. However, due to the length of time required
for these flights and the range of the variables involved, it was deter-
mined that this difference was bordering on the accuracy of the analog
computations. The pilots had no difficulty in maintaining proper vehi-
cle alinement throughout the trajectory or in applying thrust at the
proper altitude and, hence, the fuel consumption should be very close
to the value obtained from the digital computations.

The indicated altitude at thrust termination of the piloted nominal
trajectories was consistently lower than the altitude obtained from the
digital computations when the pilot attempted to trace the hodograph
path closely. This was attributed to a combination of the long running
time and the distance scaling required for the analog computer in this

L
1
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2

3
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problem. When the pilot attempted to terminate thrust at the proper

altitude, he was required to depart from the _ = 0 thrust procedure.

Off-Nominal Trajectories

There were two regions of interest in working with the off-nominal

trajectories. One was the determination of the pattern of logic and

technique which evolved for monitoring the vehicle pitch angle _,

and the other was measurement of the pilot proficiency in establishing

an acceptable orbit.

Piloting logic and technique.- There were a few obvious guidelines

which could be used by the pilots in performlng their task. It is

apparent that in order to reach R = 0 and R8 = 5,385 it is necessary

to reduce the values of these parameters by the increments

L --

ARe = Re - 5,385

In order to reduce both increments to zero simultaneously, it would

appear that the vehicle pitch angle _ should be adjusted to the value

ta/q (_ = _
,%.

_Re

This equation, however, does not take into account the altitude at which

the desired velocities are attained, and hence the attitude angle must

be modified to account for altitude differences between piloted and

nominal trajectories. This additional factor can be rationalized on

the basis that a positive value of _ is required to increase the rate

of descent, and a negative value of _ is required to reduce the rate

of descent. The attitude equation, therefore, is of the form

No attempt was made to define exactly the functions f. Actually, the

pilots were supplying this function as they flew the simulator.

With these basic considerations, a piloting technique evolved which

can be described in terms of the vehicle hodograph trace. The vehicle

generally was permitted to proceed along its uncontrolled ballistic
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trajectory while the pilot visually comparedits hodograph trace with
the trace of the nominal trajectory. As the vehicle trace approached
the vicinity of the point of thrust application of the nominal trajec-
tory (h = 383,700 feet) the pilot would check the altitude. If the
altitude above the lunar surface was in excess of about 384,000 feet he
would pitch the vehicle rocket upward (positive _) and apply thrust to
make _ more negative. If the altitude was less than about 384,000 feet
he would make m negative and apply thrust to make R less negative
(reduce the rate of descent). The magnitude of _ was varied during
the thrusting operation to attempt to make the vehicle follow the nominal
hodograph. However, excursions were madefrom the hodograph as might be
required to correct the altitude. In someinstances it becameapparent
that the vehicle attitude was not particularly suited for continuation
of thrust. Becauseof the low torques assumedfor this vehicle, the
pilots found it expedient to terminate thrust, reorient the vehicle, and
then apply thrust. It soon becameevident that the pilots were not
utilizing the varlable-thrust feature, but instead were using the throttle
as a simple on-off type of control.

The pertinent results of several pilot-controlled flights are given
in figures ll to 13. These are typical of a large numberof flights and
are described in somedetail to clarify the piloting technique. The
pilot was not told beforehand what the initial conditions would be for
each problem, and hence could not plan his procedure before the flight.
His decisions on procedure were based entirely on observation of the
display panels and the general logic outlined in the preceding paragraph.

Figure ll showsthe results of a flight having an initial altitude
of 1 × l06 feet, a circumferential velocity component R_ of 7,575 feet
per second, and a rate of descent R of -3,067 feet per second, which
is a rate of descent 200 feet per second greater than for the nominal
case. The results show that the pilot permitted the vehicle to follow
a ballistic path and observed that for his altitude the vehicle rate of
descent was higher than that of the nominal trajectory. In order to
reduce the rate of descent, thrust had to be applied with the rocket
nozzle tilted downward(negative _). Therefore, the pilot chose to
rotate the vehicle to _ = -20 °, and at an altitude of 300,000 feet,

applied full thrust. The hodograph trace shows that the rate of descent

was reduced fairly rapidly; however, the vehicle altitude was below the

desired altitude when the rate of descent was stopped. Since the cir-

cumferential velocity Re was in excess of circular orbital speed, the

vehicle began to climb. The pilot therefore rotated the vehicle to

thrust only against Re (_ = 0). The vehicle then lost circumferential

velocity more rapidly, but continued to climb because of the centrifugal

acceleration. In order to prevent the vehicle from climbing to an

excessive altitude, the pilot rotated the vehicle to positive values

L
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of _ to force _ toward zero. The hodograph trace shows that the

pilot succeeded in passing through the hodograph target area. Another

flight (fig. 12) with the same initial conditions was attempted; how-

ever, in this case the pilot started thrust application at a higher

altitude (400,000 feet). The end results are the same as those of

figure ii.

In the flights of figures ii and 12 the pilot chose to maintain
full thrust from thrust initiation until the vehicle passed through the

target in the hodograph. In other flights, conditions occurred which

made it desirable to terminate thrust before attaining the target; the

vehicle was then permitted to follow a new ballistic trajectory for a

short period. After this, thrust was applied again to establish the

desired orbit. Such a case is shown in figure 13. The initial condi-

tions were an altitude of 1 x lO 6 feet and velocity components

= -2,667 and R_ = 7,575 (rate of descent 200 feet per second less

than nominal). The vehicle attitude during the early part of the thrust

period can be rationalized in terms of vehicle altitude and velocity as

previously discussed. Near the target, however, the vehicle was still

too high. The pilot therefore terminated the thrust and permitted the

vehicle to approach the nominal trajectory on a ballistic path. Phys-

ically, the vehicle was on the approach phase of its trajectory and

therefore was losing altitude. When the altitude was close to that

desired, the pilot applied thrust to obtain the desired orbit velocity.

The only factor in the control of the vehicle which was confusing

to various pilots who volunteered to fly the simulator was associated

with the effects of centrifugal acceleration on the motion of the lunar

vehicle. On familiarization flights the tendency was to thrust against
L

R8 and permit R to go to zero as it normally would, since the vehicle

was approaching pericynthion. As R reached zero_ the new pilots
failed to realize that R would now become positive even with no

applied thrust, and hence became confused when R began to increase in

magnitude quite rapidly. This matter was generally cleared up by con-

sideration of the dynamics of the motion involved. After a few practice

flights new pilots had little or no difficulty in flying the simulator

and even used the effects of centrifugal acceleration to advantage in

obtaining altitude changes.

Pilot proficiency.- It is not feasible at this stage to measure

pilot proficiency on an absolute basis in terms of fuel consumption

because the path and thrust program for minimum fuel consumption between

initial conditions and the desired final (end) conditions was not

defined. The basis for Judging pilot proficiency therefore was (a) how

well he accomplished his task based on achieving the desired end condi-

tions, and (b) how much fuel was used and how this compared with a
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computed two-lmpulse maneuver (Hohmann transfer). The results for such

comparisons for several off-nominal cases are presented in figure 14.

It should be noted that a number of flights were made for each of the

sets of initial conditions previously tabulated. The results of fig-

ure 14 are, however, considered representative of all the data obtained.

In all cases the flights were terminated in the hodograph target area

within the altitude range from 240,000 to 288,000 feet. The target

defines all trajectories having a minimum pericynthion of i0 miles and

a maximum apocynthion of 90 miles.

The fuel consumption for the various off-nominal trajectories is

shown in figure 14 and indicates that from 27.5 to 31.2 percent of the

initial vehicle mass was used to establish the desired orbit. This

range is from 1 to 3 percent more fuel than required for a computed

two-impulse Hohmann transfer, where the initial impulse is applied at

the pericynthion of the approach ballistic trajectory. The fuel con-

sumption of the piloted flights could have been made to approach that

of the Hohmann transfer by applying thrust for short periods as the

vehicle passed through pericynthion on each orbit and by taking several

orbits to brake from hyperbolic speed to circular speed at an altitude

of 50 miles. This technique is time consuming and was not considered

in the present investigation.
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SUPPL_ENTARY INVESTIGATIONS

During the present investigation it was deemed advisable to explore

briefly certain factors which were related to the basic problem. These

were (a) the effects of thrust misalinement, (b) the use of another

type of moment control system, and (c) the use of a modified display

panel.

Thrust misalinement.- A thrust misalinement was introduced into

the pltching-moment equation so that a pitchup was introduced with

thrust application. With full thrust, the pitching moment was about

one-quarter of that available from the pitch controller and corresponded

to about 0. i° of rocket-nozzle misalinement. Flights made with thrust

misalinement present were initially somewhat more difficult than those

with no misalinement. The difficulty was associated with two factors:

(i) With thrust on, it was difficult to hold the controller at exactly

the correct position to eliminate the unwanted pitching moment, and (2)

the pilot sometimes inadvertently neglected the _ meter for a short

time and thus permitted the pitching moment to become unbalanced. This

led to large excursions from the desired pitch angle. With a small

amount of practice, however, the pilots could control the thrust mis-

alinement with little difficulty.



2J

17

Moment controller.- The controller used in most of the investigation

reported herein was a three-axis hand controller. (See fig. 5.) In

previous investigations (refs. 7 and 8, for example) some pilots had

indicated a preference for a two-axis hand controller (pitch and roll)

and a set of rudder pedals (yaw control). In order to get a comparison

of both systems, the yaw axis of the three-axis controller was locked

and a set of rudder pedals installed for yawing-moment application.

Both authors of this paper made several flights using the rudder-pedal

controls. For this particular comblnationof low torque-to-inertia

ratios and reasonably small vehicle angular displacements, both pilots

preferred the three-axls hand controller over the combination of a

two-axls controller and rudder pedals. It was felt that the leg motions

required for rudder control resulted in coarse control in comparison

with that obtainable with the hand controller. Treadle foot pedals

might have eliminated this unfavorable comparison. Results of other

investigations (refs. 7 and 8) have indicated that when high angular

rates and displacements are encountered, a two-axis hand controller

and foot pedals have an advantage in permitting more precise applica-

tion of combined control.

Instrument display.- Most of this investigation was made with the

display shown in figure 4. This display was felt to be adequate and

permitted the pilot to perform the desired task with good proficiency.

A few flights were made with a "two-axis eight-ball" replacing the

and _ meters. The authors made several flights with the eight-ball

as part of the display. The feeling was that this reduced the scanning

problem slightly but did not provide the accuracy available with the

linear _ and _ meters. Since the scanning problem was not critical

because of the relatively slow motions involved and since angular posi-

tions (particularly _) were quite important, the authors preferred the

linear meters over the eight-ball. For problems requiring rapid scan-

ning an eight-ball probably would be preferred.

Some attempts were made to use the hodograph as an indicator of
L

and Re, without actually tracing out the instantaneous values of

these velocities. This was felt to be comparable to having a display

of R and R_ on meters. These attempts showed that the slope of

the R, R_ trace was important to the pilot in establishing the

desired pitch angle.

CONCI/fDINGR_4ARKS

A study has been made on a six-degree-of-freedom fixed-base simu-

lator of the ability of human pilots to modify ballistic trajectories

of a space vehicle approaching the moon to establish a circular orbit



18

about _0 miles above the lunar surface. The unmodified ballistic tra-

Jectories had miss distances from the lunar surface of from 40 to

80 miles and a velocity range of from 8,200 to 8,700 feet per second

at closest approach. The pilot was given control of the thrust (along

the vehicle longitudinal axis) and torques about all three body axes.

The information display given to the pilot was a hodograph of the vehicle

rate of descent and circumferential velocity, an altimeter, and vehicle

attitude and rate meters.

The general procedure used in the investigation was to permit the

pilots to become familiar with the instrumentation_ controls, and indi-

cated vehicle dynamics by flying a simple nominal trajectory. For this

trajectory the exact operating mode was specified. The pilots then

tried flying trajectories which were different from the nominal and for

which no operating procedure was specified.

The results of the investigation showed that the pilots soon became

adept at flying the simulator and could consistently establish orbits

lying within an altitude range from i0 to 90 miles. The indicated fuel

consumption generally was about 1 to 3 percent of the initial vehicle

mass more than that required by use of a two-impulse Hohmann maneuver.

The use of the hodograph as a primary display was very effective and

could be used to provide much useful information.
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Langley Research Center,

National Aeronautics and Space Administration,

Langley Field, Va., April 26, 1961.
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EQUATIONS OF MOTION
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The six equations of motion of the vehicle represent the three

translational and three rotational degrees of freedom about the vehicle

principal axes. The inertial reference axis system has its origin at

the center of the moon (fig. 2(a)). A spherically symmetric gravita-

tional field about the moon was assumed. The force equations used are
as follows:

X-direction,

Y-dlrectlon,

Z-dlrection,

2T (A1)+ qw - rv = - _ - gmXg

+ pv - qu = -gmZg_) 2

(_)

(AS)

The vehicle considered in this investigation had thrusting capability

only in the direction of the vehicle's longitudinal axis. Figure 2(b)

shows the orientation of the vehicle with respect to the body-axis sys-
tem used.

The moment equations, which assume rigid-body dynamics, are as
follows:

rolling moment,

ix Mx-- (m)

pitching moment,

Ixiy __y My T___+ pr ( - Iy). + q Iy = I--y+ Iy (A5)
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yawing moment,

rIy MZ+ pq (iy- ix) +_ =_ (m)
Iy Iy Iy

The terms MX, My, and MZ are control moments which were generated

about the three axes by assumed reaction jets that were considered to

operate in pairs so as to apply pure torques about each axis. A lim-

ited number of flights were made with the inclusion of the thrust mis-

alinement term T_ in the pitch equation.

The moment equations, as presented, are written about the vehicle

center of gravity which was located on the vehicle longitudinal axis.

It should be noted that mass reduction, as a result of thrusting, causes

movement of the center of gravity along the X-axis and, of course,

changes the vehicle's moments of inertia. Also, since the vehicle was

considered to be a body of revolution, IZ and IZ were assumed to be

equal to Iy and Iy.

In addition to the six equations of motion, a number of auxiliary

equations were employed. The auxiliary equations are as follows:

$ :r c°s +q
cos 8 cos 8

(AT)

= q cos _ - r sin

: p + q tan 8 sin _ + r tan e cos (Ag)

L
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= x cos @ cos 8 + Ry- sin _ cos 8 - zXg R _ sin 8 (AIO)

Yg = R(cos _ sin 0 sin _ - sin _ cos _) + RZ(sin _ sin 8 sin

+ COS _ cos _) * z COS 8 sin _ (All)
R

x Y
Zg : _(cos @ sin 8 cos ¢ + sin @ sin ¢) + _(sin @ sin 8 cos ¢

- cos @ sin ¢) + _ cos e cos
R

(Al2)

,fijJ



= u cos _ cos @ + vCcos _ sin e sin _ - sin _ cos _)

+ w(cos 4_ sin 8 cos _ + sin _ sin _)
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(A13)

= U sin _ cos @ + v(sin _ sin 8 sin ¢ + cos _ cos ¢)

+ w(sin # sin @ cos ¢ - cos _ sin ¢) (A]_4)

L
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= -U sin 8 + v COS 8 sin _ + w cos e cos (AZ5)

= x_ + y_ + z_ (AI6)
R

R = @x2 + y2 + z2 (AI7)

= Ju2+ v2 + ,_ _ _2 (AZ8)

m =m o + f_ dt
(A19)

_.= m (A20)
gels

The thrust in the X-direction equation and the control torques in the

moment equations were the only inputs into the equations of motion of

the vehicle that were under the control of the pilot. Since only pro-

portional controls were considered in the investigation, the resulting

control functions are expressed in the following manner:

dTx
TX = dS-_6t (A21)

(A22)

dMy
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e%
Mz --d--q

The slopes shown in equations (A21) to (A24) were held constant for the

entire investigation. (See fig. 5(b). )

The moments of inertia in equations (A4), (A5), and (A6) were

obtained by assuming a weight breakdown for the vehicle which permitted

evaluating the moments of inertia as functions of vehicle mass m.

Values for IX and Iy were found as follows:

dlx dm dlx •
IX =dm dt = _-- m (A29)

_y = dI___yy_ (A26)
dm

The only additional expressions utilized in the analog program

were those associated with the vehicle attitude as presented on the

pilot's display panel. The attitude angles were defined as follows:

vehicle pitch attitude,

= tan- I Xg

Zg

vehicle bank attitude,

= Yg

vehicle azimuth attitude,

= V

_2 + v2 + w 2

It is apparent that _ is not truly a bank angle nor is _ a

true azimuth angle except when both of these angles are small and

_ O. However, most of the thrusting was anticipated to occur with

these angles close to zero. Also, it should be noted that if the vehi-

cle was pitched to large values of m during piloted flight and excur-

sions in _ and _ occurred, the pilot had in effect a cross-control

situation wherein application of control in either roll or yaw would

change both azimuth and bank angle.



25

_P_D_ B

GUIDANCE HODOGRAPH

L

1

5
2

5

General Discussion

The basic task of the pilot was that of modifying the vehicle

velocity and altitude from the ballistic approach trajectory to a cir-

cular orbit at an altitude of 50 miles. There was no attempt to select

a particular orbit plane. The problem is essentially two dimensional

if the pilot maintains proper vehicle orientation. The important param-

eters for the task are then R, Re, and h. Several methods were con-

sidered for presenting these quantities to the pilot, along with the

other variables necessary to maintain proper vehicle attitude. The

scheme which appeared to be particularly suited to the problem involved

the use of a plotter which traced out the instantaneous values of

and Re. This trace, in combination with an altimeter was used to com-

pare the piloted trajectories with a nominal trajectory and indicates

what corrective action is required.

The trace of a ballistic trajectory in the hodograph is a circle

with the center on the Re-axis as can be seen by examination of the

energy and angular momentum equations. The total energy per unit vehi-

cle mass is

E= + gmRm2 = Constant (B1)
R

The angular momentum per unit mass is

L = R(RS-) = Constant

Substituting equation (B2) into equation (B1) results in

(_3)

or

2E +

2

L2 + ,
(B4)
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Equation (B4) is the equation of a Circle wlth center at R = O,

Rm2gm and having a radius of 2E + The behavior of
Re = "--K--

the hodograph trace is interesting for the various types of trajectories,

that is, for circular, elliptic, parabolic, and hyperbolic orbits. In

the case of a circular orbit, _ is always zero, and there is a balance

between the centrifugal and the gravitational forces; hence,

_-_ : gmRm 2

R R2

the re fo re,

This is a point on the hodograph and, of course, its position depends

only on the specified orbit altitude.

Em4gm 2

All trajectories have a positive value of the quantity 2E + -V

as can be seen from equation (B_). For elliptic trajectories the total

energy E is negative, and the hodograph has real intercepts only on

R_ Rm2gm + (2E + Rm4gm2 _I/2

m

the Re axis at

These values represent the apocynthion and pericynthion velocities of

the trajectory.

Parabolic trajectories are characterized by having zero total
L

energy. In this case there are intercepts only on the Re axis, at

R8 = O

L
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5
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3

The value of
2 n2gm

L

.
Re =-_

L

is, of course, the pericynthion velocity.

II
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Hyperbolic trajectories are characterized by a positive value of

total energy E.
axis at

and on the Re

For such trajectories real intercepts occur on the

= +_(2E)l/2

axis at

"(2 Rm4gm2) I/2 Rm2gm
Re : E + L2 + "-'£'_

The trace for the hyperbolic trajectory is not a closed path, as would

be expected from the physical characteristics of such trajectories.

Typical traces of the various types of trajectories on the hodograph

plane are shown in figure 15.

In the present investigation the task of the pilot was to reach

an altitude of 50 miles with certain values of velocity components,
L

= 0 and Re = 5,385. A plot showing the hodograph traces of a family

of trajectories having a 50-mile-altitude pericynthion was therefore

determined and is shown in figure 16. These traces were computed by

use of equations (B1) and (B2) in the forms

].,, ._2 gmR_2 (_)
= _IRe }p Rp

and

Substituting equation (BT) into equation (B6) yields

(_)

+ Rp _e )p = 5_'Re }p Rp
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Equation (BS)specifies R and Re as a function of Rp and R p.

Constant altitude lines as shown in figure 16 are obtained from equa-

tion (BT) by noting that

h =R -Rm =Rp
(R_)p

R8

Therefore, for a given altitude and value of

Rm

"-Re p, the value of R8

is specified. The intersection of the constant-altitude line with the
L

Re-axls shows the apocynthion velocity corresponding to the elliptic

orbit having that altitude at apocynthion and a 50-mile pericynthion,

Various uses of the hodograph are apparent. For example, assume
that the lunar vehicle has been launched from earth and its orbital

elements indicate a miss distance in the neighborhood of 50 miles at a

pericynthion velocity of, say, 8,500 feet per second. The hodograph is

as shown in figure 17 and indicates a hyperbolic trajectory. The pilot's

task, in order to establish the specified orbit, is to reach the coordi-

nates R = 0, Re = 5,585 at h = 264,000. He might logically attempt

to move from the high-energy trajectory to the lower energy trajectory

by properly matching velocities and altitudes. That is, he might move

from point (A) to point (B) while the altitude was decreasing from

900,000 feet to 800,000 feet, then to point (C), and so on to the final

coordinate. Various other schemes could be used. However, of the

schemes considered, two appeared to be convenient and also efficient

from the viewpoint of fuel consumption. These involved permitting the

vehicle to trace the hodograph to some point where maximum available

thrust could be applied contlnuouslF to put the vehicle into orbit.

These two methods differ only in detail. In one, thrust is applied

against the total velocity vector, and in the other, thrust is applied

normal to the radius vector. In the first case, tan _ = _/R_ and in

the second case, tan a = O. There was little difference between the

two methods since R/R_ was quite small over the thrusting period.

The thrust mode with a = 0 was selected for use in this investigation.

The hodograph of the nominal ballistic trajectory selected for this

investigation is shown in figure 8 and has a pericynthion velocity of

8,466 feet per second. Results from a digital computation showed that

application of constant thrust (maximum value, corresponding to an ini-

tial T/m of 0.26 earth g unit) at an altitude of 383,700 would pass

the hodograph trace through the coordinates R_ = 5,585 and R = 0 at

an altitude of 264,000 feet; thus, a 50-mile-altitude circular orbit
would be established.

L
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The hodograph presentation would also have been very useful had an

alternate thrust mode (thrust against the velocity vector) been adopted.

Since in this mode _ = tan-l(R/R_), the value of _ can be read

directly from radial lines through the origin of the hodograph. The

radial lines could be drawn on the hodograph as done in figure 18 or

put on an overlay.

There is yet another hodograph display which might be of interest,

and this would answer the following question: If thrust is terminated

and the vehicle permitted to follow a ballistic course, will the vehicle

pass the moon or will it impact? The hodograph in this instance con-

sists of constant altitude lines which represent velocity combinations

required to skim the lunar surface (neglecting surface perturbances).

(See fig. 19.) For a given altitude, velocity combinations above the

constant-altitude llne indicated no impact, whereas velocity combina-

tions below the line indicate an impact.
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Figure 2.- Concluded.
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(a) A closeup photograph of the three-axis hand controller showing loca-
tion of axes of rotation of mechanism.

Figure 5.- The three-axis hand controller and the associated control-

torque functions employed.
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(b) Variations of control torque with controller deflection.

Figure _.- Concluded.
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